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[57] ABSTRACT

An off-chip driver with regulated supplies compensates
for power supply fluctuations. The circuit reduces di/dt
noise by providing complementary voltage regulators
to regulate the high and low supplies to the driver
stages such that they see a constant operating voltage
regardless of changes in supply voltage, V¢cc. The cir-

~ cuit uses two push-pull stages which charge and dis-

charge the output load capacitance, Co. This regulated
voltage to the driver stages reduces di/dt noise and

provides a constant overdrive voltage, constant gate
slew rate, and constant staging delay over a specified

external supply voltage range.

12 Claims, 5 Drawing Sheets
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OFF-CHIP DRIVER WITH VOLTAGE
REGULATED PREDRIVE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present mvention generally relates to support
circuits for semiconductor memory arrays, such dy-
namic random access memories (DRAMSs), and, more
particularly, to an off-chip driver (OCD) circuit which
implements a voltage regulated pre-drive technique to
reduce di/dt noise.

2. Description of the Prior Art

Fast charging and discharging of off-chip output load

capacitance causes di/dt noise (inductive/resistance
voltage drops) in the connection lead between the exter-
nal applied voltage V¢ and the internal chip voltage
V pp and between external ground GND and internal
chip ground Vgs. This di/dt noise can be sufficient to

cause circuit malfunction. In the following circuit de-

scription, V ppis taken to be substantially equal to V¢
and similarly Vgg 1s taken to be substantially equal to
GND. An OCD designed to meet delay requirements at
low tolerance Ve will cause excessive noise when
operated at high tolerance V ¢¢ conditions.

Prior attempts to reduce di/dt noise include control-
ling the gate voltage slew and various configurations
which control the turn-on of multiple driver stages.
Although these methods provide di/dt control at a
given Ve the problem of increased speed and noise as
Ve increases still poses a problem.

The general idea of incorporating a voltage regulator
at the power supplies of the OCD predrive is shown in
U.S. Pat. No. 4,958,086 to Wang et al. More specifi-
cally, the approach taken by Wang et al. was to couple
a voltage regulator to power supply voltage terminals
of an output buffer in order to provide a voltage sub-

stantially independent of fluctuations in V¢c. The volt-

age regulation 1s applied only to the last stage of the
predriver of the output buffer. While this approach was
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effective in limiting di/dt noise in the simple output
buffer to which it is applied, it is not adequate to more -

modern high speed integrated circuits (ICs) such as the
newer high density DRAM chips.

SUMMARY OF THE INVENTION
It is therefore an object of the present invention to

provide an off-chip driver (OCD) circuit in which a.

43

voltage regulated pre-drive techmique 1s used to reduce

di/dt noise.

According to the mvention, there is provided an
off-chip driver with regulated supplies to compensate
for power supply (Vcce) fluctuations. The invention
reduces di/dt noise by providing complementary volt-
age regulators to regulate the high and low supplies to
the driver stages such that they see a constant operating

50
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voitage regardless of changes in V¢, The circuit uses

pull up and pull down devices which charge and dis-
charge the output load capacitance, Co. This regulated

operating voltage to the driver stages reduces di/dt

noise and provides a constant overdrive voltage, con-
stant gate slew rate, and constant staging delay over a
specified external supply voltage range.

In contrast to the Wang et al. buffer, the subject
invention regulates the overdrive of both the pull-up
and pull-down transistors. This 1s important for low
voltage interfaces (i.e., 3.3 V and below) where output-
low and output-high margins become more symmetric.

65
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The regulated voltages control the gate slew rate of
both the OCD pull-up and puli-down transistors in
order to control OCD di/dt and thus reduces noise. In
addition, the regulated voltages control the delay be-
tween OCD stages, and in this way, the staging delay is
made to be independent of V¢c. In addition, the inven-
tion provides a regulation voltage which gives a con-
stant overdrive (e.g., 2 V) on the OCD transistors. This
causes the OCD performance to be to the first order
independent of Vr(threshold voltage) variations.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, aspects and advan-
tages will be better understood from the following de-
taitled description of a preferred embodiment of the
invention with reference to the drawings, in which:

FIG: 1 is a schematic diagram showing a prior art
off-chip driver circuit:

FIG. 2 is a schematic diagram showing the improved
off-chip driver circuit according-to the invention;

FIG. 3 is a graph showing ideal volitage characteris-
tics of the regulated voltages REGN and REGP;

FIG. 4 is a schematic diagram showing the circuitry
used to generate the regulated voltages VREGN and
VREGP; and :

FIGS. 5A, 5B and 5C are, respectively, a graph
showing the gate to source voltage, a graph showing
the staged timing delay, and a graph showing the gate
slew of the invention compared to the prior art.

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT OF THE INVENTION

Referring now to the drawings, and more particu-
larly to FIG. 1, there is shown a prior art off-chip driver
(OCD) circuit 10 for use with a semiconductor mem-
ory, array, such as a DRAM (dynamic random access
memory). The OCD 10 comprises two pull-up stages
composed of a pair of P-channel field effect transistors
(FETs) 11 and 12 having their sources commonly con-
nected to a source of voltage Vpp and their drains
commonly connected to output terminal 13. In addition,
there are two pull-down stages composed of a second
pair of N-channel FET's 14 and 15 having their sources
commonly connected to a reference voltage (circuit
ground) and their drains commonly connecied to out-
put terminal 13. Connected across the output terminal
13 1s an output load capacitance Ci1. The pull-up stages
and pull-down stages respectively charge and discharge
the output load capacitance C;.

An OCD predrive circuit 16 provides the drive volt-
ages to the gates of FETSs 11, 12, 14, and 15. The drive
voitages for P-channel FETs 11 and 12 are generated by
three pairs of complementary FETS, connected as three
cascaded inverters. The first pair, comprising P-channel
FET 17 and N-channel FET 18, have their gates con-
nected in common to a first high-control terminal 19,
denoted CTLHI. The source of FET 17 is connected to
the on-chip voltage source V pp, which may or may not
be equal V ccdue to on-chip resistive voltage drops, and
the source of FET 18 is connected to the on-chip circuit

ground, Vgss. The drains of FETs 17 and 18 are con-

nected to the gate of FET 11 and to the gates of a sec-
ond pair of complementary FETs 21 and 22. The
sources of FETs 21 and 22 are respectively connected
to the on-chip voltage source Vpp and circuit ground
Vs, and the drains of FETSs 21 and 22 are connected in
common to the gates of the third pair of complementary



5,440,258

- 3
FETs 23 and 24. The third pair of complementary
FETs 23 and 24 have their sources respectively con-
nected to the on-chip voltage source Vpp and circuit
ground Vgg, and their drains are connected in common
to the gate of FET 12. The purpose of the inverter pairs

21, 22 and 23, 24 is to provide a delay in the turn on of
FET 12 to control the load current build up and, in turn,
control mductive drops.

The predrive circuit for the N-channel FETs 14 and
15 is similar to the predrive circuit for the P-channel
FETs 11 and 12 and comprises three pairs of comple-
mentary FETSs, also connected as inverters. The first

pair of FET's 25 and 26 have their gates connected to a

second low-control terminal 27, denoted CTLILO, and
their drains to the gate of FET 15. The second pair of
FETs 28 and 29 drive the third pair of FETs 31 and 32
which, in turn, drive the gate of FET 14. The pre-drive
stages are responsible for the turn-on timing of the pull-
up and pull-down drive stages of OCD 10; that is the
OCD FETs 11 and 14 first turn on followed by FETs 12
and 15.

5

10
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20

FIG. 2 shows the mprovement according to the
invention. The OCD circuit 10 is identical to that
shown in FIG. 1 and incorporates the same two pull-up

stages and two pull-down stages which charge and
discharge the output load capacitance Cg. The pre-drive
stages, however, are modified so that the sources of
FETs 18, 22 and 24 are connected to the regulated
voltage supply 34, denoted REFP, via a P-REGULA-
TOR buffer 33, and the sources of FET's 25, 28 and 31
are connected to the regulated voltage supply 36, de-

25
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noted REFN, via a N-REGULATOR buffer 37. The

output of buffer amplifier 35 is denoted REGP, and the
output of buffer amplifier 37 is denoted REGN.
‘The current, I, through either pair of the OCD FETs

11, 14 or 12, 15, in the 1deal case, is proportional to the

35

square of the difference between the gate to source

‘voltage, Vgs, and the threshold voltage, V1, of the
FETs; i.e. |

I«(Vgs—VD* (1)

For a threshold voltage, V7, of say 0.7 V, if V5gis made -

to equal 2.7 V, then equation (1) becomes
T« (2.7—0.72 '

I (2)2

so that the current, I, becomes independent of the
threshold voltage, V7. The goal then is to provide regu-
lated voltages, REGP and REGN, which are equal, in

45
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this examPle to Vpp—2.7 V and Vgs+42.7 V, respec-

tively. o
The ideal voltage characteristics of regulated voli-

ages REGP and REGN are shown in FIG. 3. These are

plotted as a function of the supply voltage V. It will
be observed that for V¢ greater than approximately
2.6 V, VREGN remains constant at 2.7 V and VREGP

increases at the same rate as Ve resulting in a 2.7 V-

constant difference between Vccand VREGP.

The reference/regulator circuits used to generate the
regulated voltages REGN and REGP are shown in
FIG. 4. A stable voltage reference circuit 41, denoted
REF1, creates voltage VREF1 by comparing the
thresholds of a regular and a high V7 PFET. For this
technology, VREF1 is approximately a constant 1 V
below Vpp. Details of the stable voltage reference

circuit 41 are disclosed in U.S. Pat. No. 5,221,864 to

23
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Galbi et al., and therefore a detailed explanation is omit-
ted here.

Circuit blocks 34 and 36, denoted REFP and REFN .

respectively and corresponding to the regulated voltage
supplies having the same reference numerals shown in

FIG. 2, utilize this voltage to produce respective output
reference voltages VREFP and VREFN, where

VREFP=Vpp—2(Vpp—-

since (Vpp—VREF1)=~1V, and

VREFN=Vgss+2(Vpp—-
VREFD)4- V=42V 4V,

since VSS=0 V.,
The V4, and V; components of the reference voltages
provide tracking with the OCD device thresholds. The

~ regulator circuits 35 and 37 provide the current neces-

sary to charge and discharge thegate capacitance of all

OCD stages connected to the reference nets.

Referring first to the voltage reference 34, the
VREF1 voltage from the stable voltage reference cir-
cuit 41 is applied to the gate of a P-channel FET 341
having its source connected to Vpp and its:drain con-
nected to a diode-connected N-channel FET 342 and
Vss. The gate of FET 342 is connected to the gate of a
second N-channel FET 343, forming a current mirror.
Connected in series between Vpp and the drain of N-
channel FET 343 are three diode-connected P-channel
FETSs 344, 345 and 346. The FETs 341, 344 and 345 are
identical, and since the currents through each side of the
current mirror is the same, the voltages across FETs
344 and 345 are each 1 V (Vpp—VREF]1). The channel
length of FET 346 is equal to that of the OCD P-chan-
nel FETs 11 and 12 (shown in FIG. 2), and therefore for
our example, the voltage across FET 346 is 0.7 V or
V. Thus, VREFP is equal to Vpp—(1+140.7)V or
Vpp—2.7 V.

Turning next to voltage reference 36, the VREF1
voltage from the stable voltage reference circuit 41 is
applied to the gate of a P-channel FET 361 having its
source connected to V ppand its drain connected to two
diode-connected P-channel FETs 362 and 363. These,
in turn, are connected through a diode-connected N-
channel FET 364 to Vgs. The FETs 362 and 363 are
identical to FET 361, while the channel length of N-
channel FET 364 is equal to that of the OCD N-channel
FETs 14 and 15 (shown in FIG. 2), and therefore for
our example, the voltage across FET 364 is 0.7 V or
V. Thus, VREFN is equal to Vgg+(14+1+0.7)V or
+2.7 V (since Vgs=0). |

‘The outputs of circuit blocks 34 and 36 are fed respec-
tively to regulators 35 and 37, denoted P-REGULA.-

TOR and N-REGULATOR. These circuits are con-

ventional differential amplifier/current mirror regula-

~ tors which provide respective output regulated voltages

65

REGP and REGN.
FIGS. 5A, 5B and 5C t::ompare the desired character-
istics of the invention shown in FIG. 2 to the prior art
circuit shown in FIG. 1. FIG. 5A shows, by solid
squares, the variation of gate to source voltage, Vgsg, as
a function of V¢ of the prior an circuit shown in FIG.
1. In the circuit according to the invention shown in
FI1G. 2, Vs has been made independent of Vg, as
shown by the open diamonds of the graph. FIG. 5B
shows, by solid squares for the prior art P-channel and
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by solid triangles for the prior an N-channel FETs of
the OCD, the variation of the delay timing in the turn
on of the FETs 12 and 15 as a function of V. In con-
trast, the open squares and open triangles show that the
delay timing in the turn on of the FETs 12 and 15 has
been rendered essentially independent of V. FIG. 5C
shows, again by solid squares for the prior an P-channel
and by solid triangles for the prior art N-channel FETs
of the OCD, the variation of the slew rates as a function
of Vcc. In contrast, the open squares and open triangles
show that the slew rates are essentially independent of
Vce. Thus, it can be seen from these figures that the
gate to source voltage, staged timing delay, and gate
slew are less dependent on the external supply voltage.
This results in minimized di/dt noise and less risk of
chip malfunction than possible in the prior art.
While the invention has been described in terms of a

single preferred embodiment, those skilled in the art

will recognize that the invention can be practiced with

modification within the spirit and scope of the appended

claims. |
Having thus described our invention, what we claim
as new and desire to secure by Letters Patent is as fol-
lows:
1. An off chip driver for an integrated circuit hawng
an off chip driver threshold voltage comprising:
an off chip driver circuit having first and second
push-pull stages which comprise P-channel and
N-channel FETs connected to charge and dis-
charge an output load capacitance;
first and second driver stages respectively connected
to said P-channel and N-channel FETsS;

first and second voltage regulators to regulate high -

and low voltage supplies to the first and second
driver stages such that at an external supply volt-
age above the off chip driver threshold voltage, the
first driver stage is supplied with a voltage that is
constant with respect to the external supply voli-
age and the second driver stage is supplied with a
voltage that is constant with respect to ground

thereby reducing di/dt noise in said off chip driver;
and
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the first and second voltage regulators providing a

constant overdrive voltage and constant gate slew
rate over a specified external supply voltage range.

45

2. The off chip driver recited in claim 1 wherein said

first and second voltage regulators comprise:

a stable voltage reference circuit supplying a stable
output voltage independent of vanatlons of operat-
ing voltage;

P-channel and N-channel regulated voltage reference
circuits each connected to said stable voltage refer-
ence circuit and respectively generating voltage
references VREFP and VREFN, where VREFP
and VREFN are a function of voltage thresholds
of the P-channel and N-channel FETSs comprising

50
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first push-pull stage, the first and second voltage regula-
tors further providing a constant staging delay over a
specified external supply voltage range.

4. The off chip driver recited in claim 3 wherein said
delay means comprises: |

first and second cascaded inverters connected to
receive a first input drive signal supplied to a first

- P-channel FET of said first push-pull stage and
supplying a delayed drive signal to a second P-
channel FET of said second push-pull stage, said

first voltage regulator supplying VREFP to said
first and second cascaded inverters; and

- third and fourth cascaded inverters connected to
receive a second input drive signal supplied to a
first N-channel FET of said first push-pull stage

- and supplying a delayed drive signal to a second
N-channel FET of said second push-pull stage, said
second voltage regulator supplying VREFN to
said third and fourth cascaded inverters.

5. The off chip driver recited in claim 4 wherein the
first and second input drive signals are supplied by fifth
and sixth inverters respectively cascaded with said first
and third inverters.

6. An off chip driver for an mtegrated circuit having
an off chip driver threshold voltage comprising:

an off chip driver circuit having first and second
push-pull stages which comprise P-channel and
N-channel FETs connected to charge and dis-
charge a load capacitance;

a pull-up predrnive stage and a pull-down predrive
stage respectively connected to said P-channel and
N-channel FETsS; |

a first voltage regulator connected to regulate a low
voltage supplied to the pull-up predrive stage; |

a second voltage regulator connected to regulate a
high voltage supplied to the pull-down predrive
stage, said first and second voltage regulators re-
spectively supplying, at external supply voltage
above the off chip driver threshold voltage, said
pull-up predrive stage with a voltage that is con- -
stant with respect to the external supply voltage
and said pull-down predrive stage with a constant
operating voltage with respect to ground voltage
regardless of changes in the external supply voltage
thereby reducing di/dt noise in said off chip driver;
‘and

and said pull-up and pull-down predrive stages, the
first and second voltage regulators providing a
constant overdrive voltage, a constant gate slew
rate and a constant staging delay over a specified
external supply voltage range.

7. The off chip driver recited in claim 6 mcludmg

delay means for turning on the second push-pull stage a

~ predetermined time period after turn on of the first

35

the push-pull driver stages and increase or decrease -

with a corresponding increase or decrease 1n the
thresholds of the P-channel and N-channel FETS;
and

first and second buffers respectively connected to
said P-channel and N-channel regulated voltage
reference circuits and supplying the voltages
VREFP and VREFN to the first and second driver
stages.

3. The off chip driver recited in claim 1 further in-

cluding delay means for turning on the second push-pull
stage a predetermined time period after turn on of the

60
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push-pull stage.

8. The off chip driver recited in claim 6 wherein said

first and second voltage regulators comprise:

a stable voltage reference circuit supplying a stable
output voltage independent of variations of operat-
ing voltage;

P-channel and N-channel regulated voltage reference
circuits each connected to said stable voltage refer-
ence circuit and respectively generating voltage
references VREFP and VREFN, where VREFP
and VREFN are a function of voltage thresholds
of the and P-channel and N-channel FETs com-
prising the push-pull driver stages increase or de-
crease with a corresponding increase or decrease 1n
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the thresholds of the P-channel and N-channel
FET thresholds; and |

first and second buffers respectively connected to
said P-channel and N-channel regulated voltage
reference circuits and supplying the voltages
VREFP and VREFN to the pull-up and pull-down

predrive stages reSpectwely
9. The off chip driver recited in claim 7 wherein said

delay means comprises:
first and second cascaded inverters connected to
receive a first input drive signal supplied to a first
- P-channel FET of said first push-pull stage and
supplying a delayed drive signal to a second P-
channel FET of said second push-pull stage, said
first voltage regulator supplying VREFP to said
first and second cascaded inverters; and
third and fourth cascaded inverters connected to
receive a second input drive signal supplied to a
first N-channel FET of said. first push-pull stage
~ and supplying a delayed drive signal to a second
N-channel FET of said second push-pull stage, said
second voltage regulator supplying VREFN to
said third and fourth cascaded inverters.
10. An off chip driver for an integrated circuit having
an off chip driver threshold voltage comprising:

5,440,258
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an off chip driver circuit having first and second

push-pull stages which comprise P-channel and
N-channel FETs connected to charge and dis-

charge a load capacitance;
a pull-up predrive stage and a puil-down predrive

30

stage respectively connected to said P-channel and |

N-channel FETSs;

a stable voltage reference circuit supplying a stable |
- output voltage independent of variations of operat- -

ing voltage;
P-channel and N-channel regulated voltage reference
~circuits each connected to said stable voltage refer-

35

ence circuit and respectively generating voltage

- references VREFP and VREFN, where VREFP
and VREFN are a function of voltage thresholds
of the P-channel and N-channel FETs comprising
the push-pull driver stages and increase or decrease

45
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with a corresponding increase or decrease in the

thresholds of the P-channel and N-channel FET
thresholds; and

first and second buffers respectively connected to

said P-channel and N-channel regulated voltage
reference circuits and supplying the voltages

VREFP and VREFN to the pull-up predrive stage
and to the pull-down predrive stage, said first and

second buffers respectively supplying, at an exter-
nal supply voltage above the off chip driver thresh-
old voltages, said pull-up predrive stage with a
voltage that is constant with respect to an external
supply voltage and said pull-down predrive stage
with a constant operating voltage with respect to
ground voltage regardless of changes in the exter-
nal supply voltage thereby reducing di/dt noise in
sald off chip driver.

11. The off chip driver recited in claim 10 wherein
said off chip driver circuit comprises first and second
push-pull stages which chargeand discharge the output-
load capacitance and said pull-up and pull-down pre-
drive stages comprise:

first and second inverters respeetlvely supplying first

and second drive signals;

third and fourth cascaded inverters connected to
supply said first drive signal to a first P-channel

FET of said first push-pull stage and to supply a

. delayed first drive signal to a second P-channel

FET of said second push-pull stage, said first volt-
age regulator supplying VREFP to said first, third
and fourth inverters; and

fifth and sixth cascaded inverters connected to supply

sald second drive signal to a first N-channel FET
of said first push-pull stage and to supply a delayed
second drive signal to a second N-channel FET of
said second push-pull stage, said second voltage
regulator supplying VREFN to said second, fifth
and sixth inverters.

- 12. The off chip driver recited in claim 2 wherein said
first and second buffers are differential amplifiers.
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